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Abstract

A data acquisition system that utilised the open-source Arduino platform was developed to take real-time ground measurements of primary radio
climatological variables of pressure, temperature, and relative humidity at Ede, a tropical station in southwest Nigeria (7.7349° N, 4.4439° E).
Surface radio refractivity was deduced from these variables and used to estimate refractivity gradients at 100 m and 1000 m heights from the
exponential reference atmosphere model for terrestrial propagation. Secondary radio propagation parameters such as refractivity gradients, the
effective-earth-radius-factor, k, and geoclimatic factor, K, essential parameters for quick application in the planning and design of line-of-sight
radio link systems, were also deduced. Data acquired from the device were compared to those obtained from the Re-Analyses (ERA-5) satellite
database of the European Centre for Medium-Range Weather Forecast (ECMWF) 2020/2021. Aside from logging data on a micro secure digital
(SD) card, measurements were displayed on a liquid crystal display (LCD). The peripheral Arduino-compatible meteorological sensors were
connected to the analog inputs of the ATMega328 in the Arduino independent development environment (IDE), and the unit was powered by a
12 V battery charged by a 50-watt solar module. Results showed that slightly higher values of the ERA-5 data characterise the dry months from
November to March, while the wet months displayed higher values of the Arduino-derived measured data. The accuracies of the data collected
were compared using Mean Percentage Error (MPE) performance indicator. The interpretation is that the mean difference between the Arduino
inferred measurements and the ERA-5 data is less than 10%, which is an indication of the measurement accuracy.
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1. Introduction or model data to design, develop, and implement various ap-
plication systems. Some applications include meteorology and

Radio climatological research and system developmentrely  yeather forecasting, climate change prediction, and terrestrial

on long-term data collected to monitor atmospheric parameters radio propagation models, which is the focus of this work. A
fundamental parameter essential in studying the effects of the
atmosphere on terrestrial radio propagation is the atmospheric

*C di thor tel. no: +234 8139567700 . . . . . . .
otresponaing author tel. no refractive index, n, and its lapse rate, i.e., its gradient with al-
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titude, dn/dh [1]. A scaled value of n is the refractivity, N, a
useful input in radio propagation models. Radio climatological
measuring instruments are expensive; hence it is possible to de-
duce the refractivity and associated radio parameters by taking
surface measurements of pressure, temperature and relative hu-
midity using the open-source Arduino Integrated Development
Environment (IDE). Therefore, computing the surface refrac-
tivity, Ns, from data measured at the ground level enables the
estimates of the radio propagation parameters to be deduced.
This makes the data acquisition system (DAQ) developed using
Arduino preferable to the expensive weather stations.
Measurements and data acquisition systems, in nearly all
higher educational institutions in Nigeria that engage in data
gathering for weather monitoring or other research purposes,

are purchased from renowned manufacturers abroad [40, 41,42].

The Nigerian Meteorological Agency (NIMET) and the Tropo-
spheric Data Acquisition Network (TRODAN) are the major
data repository agencies in the country, where almost all data
analysts visit to obtain data for any region of interest in the
country. Occasionally, a researcher may face difficulty obtain-
ing data from these agencies because of the long-distance of the
repository from the researcher’s station or inconveniences and
the cost of data purchase or requisition protocol. Some data
retrieved are either missing with their dates skipped or unreli-
able, probably caused by natural or artificial noise interference.
Also, the desired parameter may not even be in their inventory
for logging.

Archiving credible and accurate data to meet international
standards requires expensive and tested autonomous data log-
gers.

Against the backdrop of these constraints, the Department
of Physical Sciences at Redeemer’s University, Nigeria, de-
signed a simple, affordable Arduino-based weather station for
logging some common and valuable meteorological parame-
ters in Ede, where the University is located. The following at-
tributes were considered to achieve a functioning device: dura-
bility, affordability, and availability of hardware and software,
easy construction and assembly of modules, standalone capa-
bility, high accuracy real-time data acquisition, conformance
with international standards, easy data retrieval on an existing
spreadsheet and easy adjustment of software code to allow for
the addition of more sensors. It must also be quickly and easily
replicated for interested research institutions. The Arduino IDE
meets these criteria since it is more user-friendly and provides
its hardware platform with a free download library and software
coding or ’Sketch’. The data from the Arduino-based weather
station were validated with ERA-5 satellite data, which pro-
vided data for meteorological variables at the ground surface,
100 m and 1 km above the ground. The European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis fifth
generation (v5) datasets popularly known as ERA-5 data, span
a period of January 1950 to date. This work aims to develop
an Arduino-based ground station to measure atmospheric pres-
sure, temperature and relative humidity, which are the variables
necessary to compute radio refractivity.

2. Background Theory

2.1. Radio Refractivity, N

Radio refractivity, N, and its gradient, dN/dh, are used by ra-
dio engineers for planning terrestrial radio links. Tropospheric
refractivity gradients are created due to effects produced by in-
dividual components that constitute the atmospheric refractive
index, i.e., pressure, temperature, and relative humidity [1, 2,
3, 4,5, 6]. For example, due to the thermal heating of the at-
mosphere by the earth’s surface in the upward direction, wa-
ter vapour gradient and temperature differences between tropo-
spheric layers resulting in convective air motion will give rise to
negative temperature gradients. Radio refractivity is expressed
in terms of these three meteorological variables:

77.6P 373 x 10°¢
+
T T2

where P is the atmospheric pressure in mb, the water vapour
pressure, e = e X RHX0.01 (mb), e, being the saturation vapour
pressure in mb, and RH is the relative humidity in %. e is
obtained from e, = 6.11 x 10%/¢*?) where 1 the is temperature
in°C,a=7.5,b=237.3°C and T is the temperature in Kelvin
[4-5, 7-9]. Equation (1) is valid for radio frequencies up to 100
GHz with less than 0.5% error [7-9]. The terms on the right-
hand side of the equation represent the dry and wet terms of
refractivity, respectively.

There are two methods of measuring n: the direct and in-
direct methods. The direct method employs a microwave re-
fractometer, a somewhat costly instrument that is hardly in use
in this part of the world. Although not as accurate or as ex-
pensive as the direct method, the indirect approach involves the
measurements of weather observations of atmospheric pressure,
temperature, and relative humidity, which are then converted to
N in equation (1). Altitude profiles of N can also be obtained
using the radiosonde. This telemetry instrument has attached
a radio transmitter and sensors to it. It is launched into the at-
mosphere by a weather balloon. As it is climbing, it measures
the three atmospheric variables, including wind speed and wind
direction, transmitting the data at different altitudes by radio
to a receiver at the ground station. Where a radiosonde is un-
available, height profiles of refractivity, N, can be estimated if
monthly means of N are available by using the equation for
the exponential reference atmosphere [6], which expresses the
height dependence of refractivity:

N=mn-1)x10°=

ey

N = Nsexp (—%) 2)

at altitude h, N is the refractivity at the ground level, and H is
the scale height, the altitude at which refractivity has dropped
to 1/e of surface refractivity and can either be derived empiri-
cally or from long term data in a particular region. For quick
reference calculation of N at any height in equation (2), a global
mean of H = 7.35 km [8] or tropical mean of 7.0 km may be
adopted [10, 11].
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2.2. Correlation between dN/dh and Ny and the effective earth
radius factor, k

Investigations [2, 5, 6, 12] showed that a very good correla-
tion is obtainable between the monthly averages of Ns and those
of N gradients in the first kilometre above ground, which can be
related as:

—AN = Aexp (BN;) 3)

where dN/dh ~ AN, (dh = 1 km), and A and B are constants
derived for the region. From a ten-year database of daily ra-
diosonde soundings, Willoughby et al. [5] deduced values of
A =9.36 and B = 4.856E-03 and a correlation of 0.78 for the
whole of Nigeria, while Kolawole and Owonubi [12] obtained
the values of A = 2.30 and B = 8.630E-03 and a correlation of
0.80 for the whole of Africa. —AN is used in estimating the
effects of the atmosphere on the refraction of radio waves and
the simplification of radio propagation engineering problems
[5, 13, 14, 15, 16, 17]. Its variation produces the phenomena of
scattering, scintillation and discontinuities or fading of propa-
gated radio energy. It is also used in categorising if wave refrac-
tion is standard (dN/dh = -40 N/km), sub- (dN/dh > -40 N/km),
super- (dN/d < -40 N/km), critical- (dN/dh = -157 N/km) re-
fraction or ducting conditions (dN/dh < -157 N/km). These cat-
egories reveal atmospheric conditions that may be prevalent in a
region, which may be inimical or conducive to the smooth prop-
agation of radio waves. Thus, vertical dN/dh values are used to
estimate path clearance and propagation associated effects such
as ducting on trans-horizon paths [6, 7, 9]. In addition, sur-
face reflection and multipath fading and distortion on terrestrial
line-of-sight are occurrences caused by variations in dN/dh.

2.3. Effective Earth Radius Factor, k.

A model is usually adopted to calculate the effects of the
atmosphere on radio waves. The model assumes that dN/dh is
constant within the first kilometre above the ground. This con-
cept permits radio rays to be drawn as straight rays over imagi-
nary flat earth instead of curved rays over true earth of radius a.
This results in an effective earth radius a, and an effective earth
radius factor, k, where a, = ka. k has been given as [5, 6, 14,
18, 19]:

-1

k=140 %10 _lor [1 +aAN x 10—6] 4)
dh

Summarily, the statistics of Ny and the vertical gradient,
dN/dh, are significant for the estimation of radio wave path
clearance, multipath fading on terrestrial line-of-sight links and
ducting effects on trans-horizon paths [7]. Also, the k value
is used by radio engineers to calculate the distance to the radio
horizon, d, of radio waves emanating from an antenna of height,
hr, metres, i.e.,

dhurizon = V2kath (5)

2.4. Geo-climatic factor, K

In a link design requiring the calculation of multipath fading
and enhancement for path lengths greater than 5 km, a quick
estimation of K for the average worst month for the geographic
area of interest can be derived from [7, 19, 20, 21].

K = 10-46-0.0027dN, (6)

where dN is the point refractivity gradient in the lowest 65 m
of the atmosphere not exceeded for 1% of an average year. For
link design applications, the value of K from equation (6) is
usually adopted to calculate the percentage of time that a fade
depth A (dB) is exceeded from an average worst month. In
this study, the lowest 100 m atmosphere has been considered.
dN; values are usually obtained using interpolation techniques
such as Inverse Distance Weighting (IDW) [20-21].

3. Methodology

By inserting values of A and B obtained from the models
deduced [5, 12] for the tropical region in equation (3), estimates
of —AN within the first km above ground can be made [15, 16,
17], thereby enabling the deduction of the k factor, geoclimatic
factor and dj,iz0n, and other related radio propagation param-
eters. Refractivity-altitude profiles can also be obtained from
equation (2). The computations will also determine if the mod-
els used in equations (2) and (3) can detect the various cate-
gories of refraction apart from normal refraction. In addition,
multipath fading and enhancement modes can also be observed.

Numerous microcontroller-based data acquisition systems
have been designed and developed to collect and process data
on meteorological, agricultural, physical, and chemical processes
[22 - 27]. In peripheral interface controllers (PIC)-based sys-
tems, the analog-to-digital (A/D) converter can be interfaced
(for example, a PIC16F877) to record sensor signals and the
data stored in a local erasable programmable read only mem-
ory (EPROM). This is unnecessary in the Arduino as both the
A/D converter and EPROM are embedded in the IDE [28 -
39]. Adane et al. [22] built a meteorological DAQ using a
PIC16F877A microcontroller to automatically retrieve instanta-
neous atmospheric pressure, temperature, and relative humidity
measurements. The data were used to estimate, in real-time, the
radio refractivity of air near the ground. This study exploited
similar approach in estimating surface radio refractivity and re-
lated parameters in Ede from 2020 to 2021.

3.1. Circuit Design

3.1.1. Connections to the ATMega328

Figures 1 and 2 show the block diagram and circuit diagram
of the setup and peripheral breakout shields to the Arduino ana-
log and digital pins, respectively. The ATMega328 processor
was used as a standalone without the Arduino board by con-
necting the bare minimum of components to make it function
in Arduino IDE. The chip incorporates a six channel, 10-bit
analog-to-digital converter (ADC) and a variety of communi-
cations ports including a serial peripheral interface (SPI). The
following minimum external circuitry in Figure 1 is essential
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Figure 1. Sensor and breakout shield connection to Arduino input pins

to make the circuit function: a 16 MHz quartz crystal, X1,
which determines the clock speed of the processor; two 22 pF
capacitors, each connected from pins 9 and 10, respectively,
to ground; a 12 V battery supplies power to a 7805 regulator,
REG, which provides a positive 5 V to the whole circuit; the
battery is charged by a solar panel; a 10 kQ pull-up resistor,
R1, from +5 V, (Vcc) to reset pin (1), prevents the chip from
resetting itself during normal operation. The Arduino has six
analog inputs, AO to A5. Each input provides 10 bits of resolu-
tion (i.e., 2!° = 1024). Thus the ADC can subdivide the analog
signal into 1024 different values. By default, each analog signal
input measures from ground to 5 V. For a 5 V reference and a
10-bit converter, the step size would be 5 V/1024 = 4.88 mV.
Analog sensors of pressure, temperature/relative humidity are
each connected to the Arduino inputs, Al and A2, respectively.
LED (D2) indicates power on when the circuit is switched on.
Filter capacitors C3 and C4 smooth out unwanted noise. The
DS3231 real-time clock (RTC) pins, SDA and SCL are con-
nected to the analog inputs A4 and A5 pins, respectively, of
the ATMega328 as shown in Figure 1. Similarly, the Micro
SD card is connected to the SPI pins on the microcontroller. A
16x2 LCD is connected to the appropriate digital pins on the
ATMega328 microcontroller.

3.1.2. Atmospheric pressure sensing

The BMP180 breakout shield is a barometric pressure sen-
sor with an I*C ("Wire”) interface. It

consists of a piezo-resistive sensor, an analog to digital con-
verter and a control unit with E2PROM.

Very low noise - up to 0.02 hPa (17 cm) and fully calibrated
Pressure Range of 300 hPa to 1100 hPa (+9000 m to -500 m)
[43, 44]. It is ideally suited for barometric measurements. A
power supply voltage of 1.8 V to 6 V is required to power the
device. This sensor was connected to Arduino analog input, A1l
[43, 44].

3.1.3. Temperature and relative humidity sensing

The AM2302 DHT22 Digital Temperature and Humidity
Module is a temperature and humidity sensor with calibrated
digital signal output. It uses dedicated digital module acqui-
sition and temperature and humidity sensing technologies to
ensure high reliability and excellent long-term stability. A ca-
pacitive sensing element and a high-precision temperature mea-
surement element are used to sense relative humidity and tem-
perature, respectively. The excellent quality of the device, its
ultra-fast response, and cost-effective advantages makes it ideal
for atmospheric measurements. Each sensor is calibrated in an
extremely accurate humidity calibration chamber. Accuracy of
measurement: 0-100%, +2-5%. This sensor was connected to
Arduino analog input, A2.

3.1.4. Battery voltage monitoring

A voltage divider comprising R2 (10k) and R3 (4k7) drops
the voltage of a fully charged battery at 14 V to 4.48 V, that is,
[(4.7k/(10k + 4.7k)) * 14 V] to the microcontroller’s analog pin
AQ. This monitors the battery’s state, and the value is displayed
on the LCD. 4.48 V is a reasonably safe input voltage for the
analog input AO, since the Arduino analog inputs cannot accept
voltages in excess of 5 V.

3.1.5. Date and Time keeping, RTC
The DS3231 AT24C32 I2C Precision Real-Time Clock (RTC)

memory module for Arduino was used for date and time keep-
ing. The device records and saves the year, month, day, hours,
minutes, and seconds. The module incorporates a 3 V Lithium
battery input and maintains accurate time keeping even when
the main power supply is disengaged. Its SDA and SCL pins
are connected to the analog input pins A4 and A5 of the Ar-
duino, respectively as shown in the schematic of Fig. 2. The
clock format can be programmed for 24 Hours or AM / PM
12-Hour format. The RTC library is available online from [47].

3.1.6. Data recording: Micro SD card reader module

A Micro Secure Digital (SD) storage expansion board Card
Memory Shield compatible with the Arduino board was utilised
for data storage. The interface between the ATMega328 and the
SD card module is achieved by means of the high-speed SPI
communication bus, capable of supporting simultaneous data
transfer in master to slave directions and vice versa. On the
Arduino Uno, the communication between the microcontroller
and the SD card uses SPI, which takes place on digital pins 13,
11, and 12. Furthermore, SS pin 10 is used to select the SD card
[48]. Data was logged at one-minute intervals.

3.1.7. Battery charging

Figure 4 shows a simple battery charging circuit. Schot-
tky diode D1 prevents current flowback from the battery. Ul,
a three-terminal, adjustable precision shunt voltage regulator
chip, is used to set a float charge voltage output of 13.8 V with
the use of an external voltage divider, R4 and RS, i.e., Vout =
[1+(10k/2k2)] x 2.5.

Once the reference voltage exceeds 2.5 V, the chip conducts
and tries to maintain a constant output voltage determined by
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Figure 2. Schematic diagram of the Arduino set-up
Table 1. SPI implementation of SD card in the Arduino Uno
Designation  Function Direction Uno pin
SCLK Serial clock Output from Uno 13
MOSI Master output/slave input  Output from Uno 11
MISO Master input/slave output  Input to Uno 12
CS/SS Chip select/slave select Output from Uno 10
GND Ground Common GND

Figure 3. Sensors: (a) BMP180 pressure sensor, (b) DHT22 temperature/humidity sensor, (c) DS3231 AT24C32 12C Precision RTC Module, and (d) SD Card
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Figure 4. Simple battery charging circuitry from solar panel

the voltage divider of R1 and R2. U2, another adjustable Zener
reference, in conjunction with R3, act as a current limiter from
the TIP142 Darlington transistor Q1. If an over current occurs,
the voltage developed across R3 causes the device to conduct,
pulling down its pin 3, the cathode, towards the ground. This
starves the base of Q1 of current, thus reducing the charging
current. Jout = Vref/R3 =25V/1 Q~25A.R3isaS W
resistor, since I2R results in 2.5 W dissipation in the resistor.

3.2. Mean Absolute Percentage Error (MAPE)

The MAPE is commonly used in the evaluation of models
as it is easily interpretable. A positive value of MAPE indi-
cates over-estimation in the estimated values, while the negative
value indicates under-estimation.

IMEAS UREMENT;—ERAS5,| ]
[ e X100

@)
n
where MEAS UREMENT; and ERAS; are the ith values of

the measured and observed data, respectively. n is the number
of data points.

MAPE =

4. Result and Discussion

The picture of the developed Arduino-based data acquisi-
tion system (DAQ) is shown in Figure 5.

Observations of Figures 6 to 13 show a general trend com-
mon to the monthly means of all the parameters. Mean values
increase from January to April/May, fall to a minimum in Au-
gust, rise to another peak in October/November, and decrease
to lower values in December/January. Double peaks are thus
exhibited annually. These values coincide with the two distinct
seasonal patterns characteristic of the region. This southwest

Figure 5. The PCB prototype of the Arduino DAQ (with ATMega328 processor
in standalone mode)
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Figure 6. Comparison between ERA-5 and Arduino measurements of surface
refractivity, Ns

sub-region is annually under the influence of either the Har-
mattan or rainy seasons. Thus, the seasonal trends of the ra-
dio propagation parameters can be associated with the annual
migration of the north-south movement Inter-Tropical Discon-
tinuity (ITD), which effectively dictates the rainfall regime of
the region [15]. The dip in August during the rainy season
from May to October is coincidental with the brief cessation
and subsequent reduction in rainfall in southwest Africa, de-
spite the heavy incursion of the water vapour-laden maritime
airmass emanating from the Gulf of Guinea. The dry season
months from November to March exhibit lower values than the
rainy season months from April/May to October [5, 11, 12, 13,
14, 18]. Generally, there is a slight trend in overestimating the
ERA-5 data during the dry months, while the opposite is the
case for the wet months when the Arduino measurements show
slightly higher values.

Table 2 shows the comparisons of the results of the Arduino
measurements to the corresponding monthly mean estimates
from ERA-5 data.

Surface refractivity values obtained from the Arduino mea-
surements are compared to those observed from the ERA-5 data
and shown in Figure 5 below.
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Table 2. Radio propagation parameters measured and compared with ERA-5 data

Parameters Arduino Measurements ~ ERA-5 Data
1 Surface refractivity, Ny N (Py, Ty, RHy) Data
2 Refractivity (100 m), Nyg N; exp (-0.1/7.0) Data
3 Refractivity (1 km), N(ixm) N; exp (-1.0/7.0) Data
4 Point Refractivity gradient (100 m), -dN;  (Njgo — Ny)/ (hjgo — hy) Data (Ngp — Ny)/ (hjgo — hy)
5 Refractivity gradient (1km), -dN/dh (Nigm — Ny)/ (hig, —hg)  Data (Nyg, — Ny)/ (hig, —hy)
6  Refractivity gradient (1km), -AN 9.36 exp (4.856E-03N;)  9.36 exp (4.856E-03Ns)
7  Effective earth radius factor, k [1+aANx 107¢]"! Data [1 + a dN/dh x 1076]~!
8  Geoclimatic factor, K (100 m) 10~46-0.0027«AN Data 10~46-0.0027dN |
7 500 - mN100 (MEASUREMENT) _ 0y
2 . =
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Figure 7. Comparison between ERA-5 and Arduino measurements of refrac-
tivity at 100 m, Nygo
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Figure 8. Comparison between ERA-5 and Arduino measurements of refrac-
tivity at 1 km, Ny,

4.1. Performance Errors

The performance of the Arduino measured radio climatic
parameters was tested against the ERA-5 data by computing
the Mean Absolute Percentage Errors (MAPE) using Equation
7.

The MAPE measures the degree of error, high values indi-
cate how far apart the measured and observed data are, there-
fore a high degree of error. The MAPE scores, shown in Ta-
ble 3, give values less than 10%. The interpretation is that the
mean difference between the Arduino and the ERA-5 data mea-
surements is less than 10%, which is a very good measurement
accuracy.

Figure 9. Comparison between ERA-5 and Arduino measurements of point
refractivity gradient at 100 m, dNygo/dh

Months

Refarctivity gradient at 1 km, diN/dh

wdN/dh (MEASUREMENT)  mdN/dh ERA-5)

Figure 10. Comparison between ERA - 5 and Arduino measurements of refrac-
tivity gradient at 1 km, dNj,,/dh

5. Conclusion

This study performed Arduino IDE measurements of ground-
level primary radio climatological parameters of pressure, tem-
perature, and relative humidity for 2020 and 2021. The study
examined the expediency in using the measurements to esti-
mate variables essential for designing radio propagation links
within the lowest layers of the troposphere, which otherwise
would have required radiosonde soundings. This scheme has
facilitated the application of the exponential reference atmo-
sphere in assessing refractivity gradient effects on radio signals.
The measured data were compared with those obtained from
the ECMWF ERA-5 satellite database. In general and from
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Table 3. Performance errors (MAPE, %) for Ns and Ny,

Months JAN FEB

MAR APR MAY JUN

JUL AUG SEP OCT NOV DEC

MAPE (Ns)
MAPE (N1

6.16 8.60
225 092

3.35
8.14

0.11
4.93

1.26
5.71

094 042 178 3.77 355 0.16 131
329 519 0.04 226 046 757 947
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Figure 11. Comparison between ERA-5 and Arduino computations of expo-
nential reference atmosphere
mk factor (ERA-3)
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L

Figure 12. Comparison between ERA-5 and Arduino measurements of point
refractivity gradient at 100 m, dNgo/dh

mK (MEASUREMENT)
=K ERA-5)

JAN FEB MAR APR MAY JUN JUL AUG SEP QCT NOV DEC
Months

9.40E-05
9.30E-05
9.20E-05
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8.70E-05
B.60E-05
B.50E-05
B.40E-05

Geoclimatic factor, K

Figure 13. Comparison between ERA-5 and Arduino measurements of Geocli-
matic factor for 100 m height

previous works in the Nigerian southwest environment, radio
climatic variables exhibit double peaks in April and Novem-
ber, with a minimum occurring in August. Dry months from

November to January are characterised by slightly higher val-
ues of the parameters obtained using the ERA-5 data compared
to those obtained in the wet months. The Arduino measure-
ments show marginally higher values than the ERA-5 data in
the wet months, May to October, except August. The deviations
seen in these values are not so appreciable to seriously affect
procedures for calculating some refractive propagation effects
on earth-satellite and terrestrial radio links. The less than 10%
MAPE performance index suggests a high degree agreement
between the Arduino device measurements and the ERA-5 data.
Hence, this system is relatively accurate in implementing pro-
cedures for calculating refractivity effects on radio signals.
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